ABSTRACT We used a novel stopped-flow/rapid-freezing machine to prepare the transient intermediates in the actin-myosin adenosine triphosphatase (ATPase) cycle for direct observation by electron microscopy. We focused on the low affinity complexes of myosinadenosine triphosphate (ATP) and myosin-adenosine diphosphate (ADP)-Pi with actin filaments since the transition from these states to the high affinity actin-myosin-ADP and actin-myosin states is postulated to generate the molecular motion that drives muscle contraction and other types of cellular movements. After rapid freezing and metal replication of mixtures of myosin subfragment-1, actin filaments, and ATP, the structure of the weakly bound intermediates is indistinguishable from nucleotide-free rigor complexes. In particular, the average angle of attachment of the myosin head to the actin filament is -400 in both cases. At all stages in the ATPase cycle, the configuration of most of the myosin heads bound to actin filaments is similar, and the part of the myosin head preserved in freeze-fracture replicas does not tilt by more than a few degrees during the transition from the low affinity to high affinity states. In contrast, myosin heads chemically cross-linked to actin filaments differ in their attachment angles from ordered at 40°without ATP to nearly random in the presence of ATP when viewed by negative staining (Craig, R., L. E. Greene, and E. Eisenberg. 1985. Proc. Natl. Acad. Sci. USA.
INTRODUCTION
The molecular mechanics that produce force and motion during the interaction of actin, myosin, and adenosine triphosphate (ATP) have been difficult to study, because the myosin heads that comprise the active part of the crossbridges between the two sliding filaments act asynchronously as shown originally by Huxley and Brown (1967) . On the other hand, we now understand the chemistry, kinetics, and energetics ofthe cyclic interaction of myosin, actin, and ATP in detail (reviewed in Hibberd and Trentham, 1986; Geeves, 1991; Taylor, 1992) . These biochemical insights, summarized in a highly simplified scheme in Fig. 1 , provide the foundation from which we can work to establish the molecular mechanics. For the present purposes, there are three essential features of this mechanism.
First, in the absence ofnucleotides, myosin heads (M) bind to actin filaments (A) with very high affinity . This has made it possible to document the structure of the AM complex by electron microscopy (Huxley, 1963; Moore et al., 1970; Taylor and Amos, 1981; Toyashima and Wakabayashi, 1985; Milligan and Flicker, 1987; Tokunaga et al., 1987) . These "rigor" complexes have the appearance ofpolarized arrowheads that repeat every 36 nm as determined by the helical structure of the actin filament. Each myosin head binds to a single actin subunit with its long axis tilted and D. Bhandari's present address is FMBRA, Herts, UK. H. Zot's present address is Department of Physiology, University of Texas, Southwestern Medical Center, Dallas, TX 75325. slewed relative to the long axis ofthe actin polymer. The structure ofthe AMD complex (actomyosin with adenosine diphosphate [ADP] in the active site) is similar to the AM complex (Craig et al., 1985) .
Second, myosin binds and hydrolyzes ATP rapidly, but the products, ADP and inorganic phosphate (P), dissociate very slowly unless stimulated by the presence of actin filaments (Lymn and Taylor, 1971) . The 200-fold higher rate of product dissociation when MDP is bound to an actin filament accounts for the actin-activation of the myosin adenosine triphosphatase (ATPase) activity observed at steady state (Eisenberg and Moos, 1968) . However, when ATP or the products occupy the active site on the myosin head, the affinity ofthe head for actin filaments is reduced by four or five orders of magnitude (Stein et al., 1984) . The Kds of the AMT and AMDP complexes are on the order of 10-1 to 10-4 M, depending on the ionic conditions, and the individual heads bind to and dissociate from actin filaments at rates that far exceed the rate ofthe overall ATPase cycle. Furthermore, new physiological evidence suggests that the force producing states also bind to and dissociate from actin filaments multiple times during one cycle of ATP hydrolysis (Brenner, 1991; Lombardi et al., 1992) .
Third, the large free energy change during the dissociation ofthe products from the myosin (White and Taylor, 1976) is generally assumed to be coupled to structural changes in the myosin-actin complex that produce force and motion. Since isolated myosin heads obtained by proteolytic digestion (subfragment-1 or S1) can move FIGURE 1 A highly simplified actomyosin ATPase mechanism. A, filamentous actin; M, myosin head; T, ATP; D, ADP; P, inorganic phosphate. The arrows indicate the approximate relative values of the rate constants. Myosin in the AM and AMD states are considered to be strongly bound to actin filaments because the dissociation rate constants are small. Myosin in the AMT and AMDP states is considered to be weakly bound to actin filaments because the dissociation rate constants are large, leading to a rapid equilibrium between bound and free myosin. The objective ofthis study was to compare the structure ofthe weakly bound intermediates (shown in the box) with the tightly bound, rigor complex, AM.
actin filaments and produce force (Kishino and Yanagida, 1988) , the structural changes are likely to be in the myosin head itselfor at the interface between the myosin and actin molecules.
For more than two decades it has been believed widely that the sliding movement ofan actin filament relative to myosin is the direct consequence of a change in the shape of either the complex of S1 and actin or the myosin S1 itselfthat occurs once per ATPase cycle. The most widely considered model has the myosin head tilting on the surface of the actin filament from an angle of 900 for AMDP to 450 for AMD and AM (Huxley, 1969) . A wealth of physiological data support the idea that the mechanical step associated with the hydrolysis of each ATP is -5-10 nm, a size that could be accommodated by a tilting crossbridge mechanism (reviewed in Huxley and Kress, 1985) . These models predict large differences in the structures ofAMDP and AMD and have provided a challenge for structural studies to establish the location of the hypothesized molecular motion.
Many biophysicists have sought the molecular motion in the actomyosin system that is hypothesized by the standard crossbridge models without resolution of the problem (see reviews in Thomas, 1987; Cooke, 1990) . In particular, there is no strong evidence for 90°states. For example, by electron microscopy, myosin heads covalently cross-linked to actin filaments are attached at 450 in the absence of ATP but are disordered, rather than attached uniformly at 900, in the presence of ATP (Craig et al., 1985; Applegate and Flicker, 1987) . Further questions have been raised by new experiments on the size of the translation of an actin filament per ATP hydrolyzed by myosin. Some (Harada et al., 1990) but not all (Uyeda et al., 1991 ) of the work suggests steps much larger than accomodated by a single cycle of a tilting crossbridge. New mechanical data also argue for multiple force-producing steps per ATP hydrolyzed (Brenner, 1991; Lombardi et al., 1992) . This work has led to the reconsideration of mechanisms that do not involve wholesale structural changes in the actin-myosin complex (Vale and Oosawa, 1990) . On the other hand, none ofthe evidence rules out discrete steps produced by conformational changes in the actin-myosin complex.
We have reinvestigated the problem with the hope that the unique ability of electron microscopy to visualize individual molecules would provide information on the orientation of the myosin head at various steps in the ATPase cycle. Specifically, we sought direct evidence for the 900 orientation proposed in the most popular crossbridge models. We used rapid mixing, rapid freezing, and freeze-fracturing to obtain millisecond time resolution and to enable us to work with high enough concentrations ofprotein to allow mass action to drive substantial numbers of low affinity myosin-nucleotide intermediates onto the actin filaments. We found that the weakly bound myosin-nucleotide intermediates attach to actin filaments at an angle of -40°, similar to the rigor complexes without ATP. In contrast, when SI is chemically cross-linked to actin filaments, its orientation is nearly random in the presence ofATP, suggesting that many of these heads are dissociated but tethered to the actin filaments. These results provide new evidence that translocation of myosin relative to actin occurs by relatively small conformational changes rather than tilting of the whole myosin head on the surface of the actin filament. Any large molecular motions in the complex may occur within the myosin head some distance from its binding site on the actin filament, near the junction of the head with the tail.
MATERIALS AND METHODS

Reagents
ATP and dithiothreitol were purchased from Sigma Chemical Corp. (St. Louis, MO). Other chemicals were reagent grade.
Proteins
Myosin was purified from rabbit back and leg muscles (Kielley and Harrington, 1959) and digested with chymotrypsin to yield the head fragment called S I (Weeds and Taylor, 1975) . For comparison, S1 was also produced by digestion with papain (Lowey et al., 1969) . Actin was purified from an acetone powder of rabbit muscle (Eisenberg and Kielley, 1974) . S1 was chemically cross-linked to actin filaments with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and freed of uncross-linked Sl as described by Mornet et al. ( 1981 ) . S 1, actin filaments, and cross-linked acto-S 1 were dialyzed overnight against 1 mM MgCl2, 0.5 mM dithiothreitol, 5 mM ammonium carbonate (pH 8.5). Immediately before the experiments, methanol was added to SI at 0°C in small increments to a concentration of 10%. The methanol was included to improve the freezing and freeze fracturing (Heuser and Kirschner, 1980) .
Biochemical assays
The concentrations of the proteins were determined by absorption using extinction coefficients of 0.62 cm2mg-' at 290 nm for actin and Propane jet FIGURE 2 Schematic drawing ofthe mixing and freezing unit. Myosin heads (SI) in one syringe are mixed with actin filaments and ATP in the other syringe and injected (after -3 ms) into a thin-walled copper flow cell. After a preset delay of 1-2,500 ms, the contents of the flow cell are rapidly frozen with a jet of liquid propane cooled to -190°C. The frozen sample is then prepared for electron microscopy by freeze fracturing and replication of the surface with platinum and carbon. Details can be found in Pollard et al. ( 1990) . 0.65 cm2mg-' at 280 nm for myosin Sl. Steady-state ATPase activities were measured at 25°C in the protein dialysis buffer. Inorganic phosphate was measure colorimetrically (Pollard and Korn, 1973) .
Stopped flow kinetics
The time course of ATP hydrolysis and binding of actin and SI were followed by 900 scattering of 365 nm light in a stopped-flow unit (Johnson, 1986) . The dead time is 3.5 ms .
Stopped flow/rapid freezing Preparation of samples for freeze fracturing was done with a prototype machine designed by Pollard et al. ( 1990) . This device has the same geometry and mixer as the stopped-flow spectrophotometer, except that the sample is injected into a 1.5 x 10-mm cylindrical copper flow cell with walls 10 Mm thick (Fig. 2) . The sample syringes and mixer were thermostated at 250C. The flow cell was at room temperature until it was lowered into the ready position near the nozzle of the freezing jet -1 s before freezing. The flow cell was brought to 250C by injection of -200 ul of sample before stopping the flow and beginning the aging before freezing. After a preset delay of 1 ms to 10 s, the contents of the flow cell were rapidly frozen with a high-pressure jet of liquid propane at a temperature of -190°C. Theoretical estimates predict that the superficial layers are frozen in <1 ms (Kopstad and Elgsaeter, 1982 In cases where many heads with uniform polarity were attached to a filament, the assignment ofpolarity was obvious, but when the orientations of the heads were highly variable (such as cross-linked acto-S I in ATP), the assignment of polarity was subject to error. To determine how our "majority wins" method of assigning filament polarity affects the observed distribution of attachment angles, we used elementary probability theory to calculate how the observed polarities depend on the actual bias in the orientation, the number of heads per filament, and the number of filaments observed.
If the probability that a given SI head is oriented toward the pointed end ofthe actin filament is w, then the probability ofk heads toward the pointed end on a filament with n heads is:
This is the binomial distribution.
However, due to the way the filament polarities are assigned, if a filament has k < n/2, then the barbed end is incorrectly called the pointed end, and the filament is scored as having n -k heads oriented toward the pointed end. In other words, the apparent probability distribution is:
This formula can be integrated numerically over all the filaments measured to obtain the total probability distribution. A Macintosh program in C for this calculation is available from Daniel Wachsstock of the Johns Hopkins Medical School. For example, if ni is the number of heads on the ith filament, then the total probability distribution of the first N filaments is P(k, N; w). This is the probability of the first N filaments having a total of k heads oriented toward the pointed end. If N = 1, then there is only one filament and the probability distribution is that was calculated above: P(k, 1; w) = p'(k, nl; w).
For N > 1, the probability is the sum of the probability of all k "pointed" heads being on the last filament and none of the k being on the others, plus the probability of k -1 heads on the last and 1 head oriented to the pointed end on the others, plus the probability of k -2 heads on the last and 2 on the others, and so on. In other words:
And when Nis equal to the total number offilaments, P(k, N; w) is the probability distribution for all the filaments.
RESULTS
Experimental conditions and characterization of the proteins All of the electron microscopy experiments reported here were carried out in a low ionic strength solution buffered with bicarbonate and containing 10% methanol. The methanol is used to reduce ice crystal formation during freezing, because it sublimes much like water at -1060C during the etching process (Heuser and Kirschner, 1980; Heuser, 1983) . A low salt concentration is necessary to avoid deposition ofnonvolatile material on the proteins during etching. Fortunately, much of the characterization of the actomyosin ATPase mechanism also has been carried out at low ionic strength (for example, see Stein et al., 1984) .
Methanol activates the steady-state hydrolysis of ATP by Sl and actin filaments. Judging from the dependence ofthe ATPase activity as a function ofthe actin filament concentration, the KATPaSe values were 6.5 ,uM without methanol and 8.0 ,M with 10% methanol. The maximum velocity (Vmax) was 11 s-1 in buffer and 23 s-1 in buffer with 10% methanol. Samples were prepared fresh daily, because some loss of ATPase activity was detected after 24 h in 10% methanol.
Time course of ATP hydrolysis and binding of Si to actin filaments
Light scattering of mixtures of actin filaments and SI is approximately proportional to the extent of SI binding to the filaments (White and Taylor, 1976) , so that this method provided a quantitative measure of SI binding during a stopped-flow experiment (Fig. 3) . After mixing actin + ATP with SI in the low ionic strength buffer, a steady-state level ofbinding was reached within the dead time of the machine. The extent ofbinding depended on the concentrations ofboth S I and actin filaments approximately as described by others (Stein et al., 1984) , although we did not attempt to repeat their work in enough detail to measure a binding constant. For example, in the experiment in Fig. 3 Fig. 3 , samples taken at 50 ms would be expected to contain a mixture of S 1-ATP and S I-ADP-Pi in rapid equilibrium with actin filaments such that 30% ofthe myosin heads were bound to the actin at any given time. Similarly, a sample taken at 10 s would have 100% of the SI bound tightly to the actin filaments.
Electron microscopy of rapidly frozen specimens
We froze actin filaments under a wide variety of conditions and completed more than 400 freeze-fracture runs. We usually mixed 20-40 uM actin filaments containing 0-1 mM ATP with an equal volume of0-40 ,uM S1. The delay between mixing and freezing varied from 3.5 ms (the dead time) to 10 s. The turbulence during mixing had no obvious effect on the actin filaments or their orientation, since they were randomly arranged in both static samples ( ble as longitudinal filaments in the micrographs of the replicas. The replicas were very heterogeneous with both wellpreserved areas and other areas with artifacts that occur during both the freezing and replication. The superficial layers were usually well frozen and deep parts poorly frozen. In well-frozen areas there were no ice crystals, and the filaments were evenly distributed and uniform in morphology. In the deep, poorly frozen areas the proteins were crushed between large ice crystals. In marginal areas, the filaments were clumped and irregular in outline. Before replication, the fracture face was etched a small amount to expose filaments.
Ideally, the filaments were partially submerged in the ice at the time of replication (Fig. 4 , B and C), because after extensive etching, many filaments were completely exposed and subject to damage during replication. The deeply etched specimen in Fig. 4 A is well preserved, but replication artifacts are common, including the loss of subtle details like the 5.5 nm repeat along the actin filaments or even gross damage where the molecules appeared to have melted together. These freezing and replication artifacts are easily recognized by experienced observers. We analyzed only those parts of the replicas where there was no visible damage arising from freezing or replication.
The actin filaments frozen in the thin-walled copper flow cells (Fig. 4 A) were identical in appearance to actin filaments prepared by impact freezing at liquid helium temperatures (Heuser and Cooke, 1983) . They were '-9 nm wide and featured a 5.5-nm axial repeat. In favorable specimens, especially where the polymer was stabilized by being partially submerged in ice, both the left-handed genetic helix and the right-handed long pitch helix are preserved (Fig. 4 B) .
Actin filaments frozen in the presence ofS1 were decorated with small bumps (Figs. 4 C, 5, and 6). These bumps are S1 because their number depended on the concentration of S1 (Figs. 5 and 6). At low ratios of Sl1:actin, individual myosin heads were easily distinguished (Figs. 4 B and 5, A and B). Actin filaments saturated with S1 had a rope-like appearance (Figs. 5 D and 6 FIGURE 5 Electron micrographs offields ofrapidly frozen rigor complexes ofS I with actin filaments over a range ofS I concentrations. All samples contained 30 1AM polymerized actin. The Sl concentrations were (A and B) 2 MM and (Cand D) 20 ,M. Cross sections ofactin filaments are circled in each micrograph. Arrows in A and B indicate lightly decorated filaments. Both of these fields also illustrate more heavily decorated filaments. Magnification, 100,000. D) first described by Heuser and Kirschner (1980) . These ropes were 23 nm wide and had an axial repeat of 37 nm.
At substoichiometric ratios of SI to actin the density and distribution of S I s on individual actin filaments was variable in both the absence (Fig. 5 ) and presence of ATP (Fig. 6 ). Many filaments had only a few scattered heads bound, whereas other filaments in the same field were densely decorated (Fig. 5, A and B) . This indicates that binding is cooperative under our conditions. At high magnification, the replicas of individual myosin heads attached to actin filaments were remarkably similar to three-dimensional reconstructions of S I made from electron micrographs of negatively stained (Taylor and Amos, 1981; Vibert and Craig, 1982; Toyoshima and Wakabayashi, 1985) and frozen hydrated (Milligan and Flicker, 1987; Milligan et al., 1990 ) actin filaments saturated with S 1. By comparison with the published reconstructions (Fig. 4 D) , it was possible to judge the azimuthal angle of attachment of these myosin heads in the replicas. Some heads were clearly attached to the upper surface of the filaments and appeared as bright highlights. Others were partially hidden on the back side of the filaments. Less than 10% were attached to the sides of the filaments in positions where they were fully exposed, and their angle of attachment could be measured. We restricted our analysis to these laterally attached myosin heads. The replicated myosin heads projected 9 ± 2 nm (means ± SD) laterally from the edge of the actin filaments. Including the part of the head on the top surface of a replicated filament, the longest dimension of the heads was -16 nm, the same length measured in reconstructions ofheads from electron micrographs ofS1 crystals (Winkelman et al., 1991 ) . The long axis of most of these heads clearly made an acute angle with respect to the long axis of the actin filament. These angles are described in detail in the next section.
The morphology of the attached SI s was the same in the absence (Fig. 7) and presence (Fig. 8) of ATP. A sample of 26 rigor heads projected 9.5 ± 2.0 nm beyond the actin filament. A sample of 47 heads frozen 50 ms after mixing with ATP projected 9.5 ± 0.5 nm. Blinded observers could not distinguish a mixture of micrographs. This included the appearance of the ropes that form when actin is saturated with myosin heads (Figs. 5 D and 6 D). Higher concentrations of S1 than actin were FIGURE 6 Electron micrographs of fields of rapidly frozen SI intermediates weakly bound to actin filaments in the presence of ATP. All samples contained 30 ,uM polymerized actin and 0.25 mM ATP and were frozen 50 ms after mixing. The S1 concentrations were (A) 5 ,uM, (B) 12 JM, (C) 10 MM, and (D) 40 MM. Cross-sections of actin filaments are circled in each micrograph. Magnification, 100,000. required to saturate most ofthe filaments in the presence of ATP, but the diameter, helical repeat, and overall appearance were the same as the rigor complexes in the absence of ATP.
Quantitative comparison of weakly bound intermediates and rigor complexes
We used measurements of the angle of attachment of S I to actin to compare weakly bound intermediates with rigor complexes. These measurements were made blind by three of the authors. Although the observers differed in the number of heads that they accepted for measurement, their measurements were otherwise the same in terms of the mean angles, standard deviations, and shapes of the distributions. Consequently, we are confident that the results presented below are unbiased and reproducible.
In scoring the angles of attachment, we assumed for each filament that the majority of the heads were bound at angles between 0 and 900. This is a reasonable assumption in the case of rigor complexes, given the previous three-dimensional reconstructions of negatively stained specimens. We attempted to confirm the validity of this assumption for the weakly bound intermediates by mixing S I with ATP and hybrid filaments consisting of bare actin filaments grown from short segments of actin filaments saturated with covalently bound S 1 (Tseng et al., 1984) . However, it was impossible to collect a statistically significant sample of attachment angles for weakly bound S I s attached to bare filaments adjacent to the polarity markers.
In both rigor and in the presence ofATP, a majority of the Sls attached to actin at angles between 30 and 60° (  Fig. 9) (Fig. 10 B) and the distribution ofattachment angles was much broader (Fig. 11 E) . Under the conditions that these specimens were prepared for electron microscopy, the ATPase was 21 s-', very similar to the Vmax measured with uncross-linked SI and actin. After rapid freezing and replication of chemically cross-linked acto-S 1, rigor samples without ATP had relatively uniform myosin heads (Fig. 10, C-E and 1 1, B-D ), but samples with ATP were less uniform (Fig. 10,  F-I ). In ATP there was a broad distribution of attachment angles, but the sample was skewed strongly toward values between 20 and 600 (Fig. 11 F) , i.e., with a majority of the heads oriented toward the pointed end. The difference between samples with and without ATP was not as obvious in the quantitation offrozen samples as in the negatively stained specimens.
Compared with negative staining where the full length of each filament is observed, only short segments ofeach actin filament can be evaluated in replicas. This leads to ambiguity in assigning the polarity of the filaments since relatively few heads can be measured in many cases. Inclusion of filaments with few assigned heads strongly biases the distribution, because of the "majority toward the pointed end" method used to assign the polarity of the filaments. With small numbers of randomly oriented heads, the polarity assigned to a filament is frequently backward and its heads are scored incorrectly in the 0-90°quadrant, accounting for the large fraction of heads with these angles. By eliminating from the analysis the filaments with few attached heads (c3, <5, or <9 shown in Fig. 11, F-H) , the assigned distribution of at- tachment angles approached that predicted for a random distribution, but the distribution was still skewed toward the pointed end.
To establish whether distributions of attachment angles in Fig. 11 are really random or whether our observed skew toward 450 is due to a real tendency ofthe heads to point in one direction, we used probability theory to calculate (as described in Materials and Methods) the distribution of orientations expected when we scored the polarity ofa modest number ofheads on a finite number filaments. These calculations showed that for any underlying tendency ofthe heads to point in one direction (c), the observed mean angle of attachment is a function of the number of heads per filament, whereas the 95% confidence limit of the spread in the observations is a function of the number of filaments scored.
For example, given a sample of filaments with heads truly attached at random angles, the observations will depend on both the number of heads per filament and number offilaments scored as follows. With a large number of random heads, say 40 per filament, there will be no skew in the observed attachment angles scored by our method; >95% of the time a sample of five or more filaments will give an equal number of heads oriented in each direction. On the other hand, for a population of five filaments with only five randomly oriented heads per filament, 95% ofthe time between 60 and 80% ofthe heads will be scored by our method as oriented toward the pointed end. For a population 70 filaments with five random heads per filament, 66-72% of the heads will be scored by our method with pointed orientation 95% of the time. In other words, a truly random population will appear to be skewed toward the pointed end simply due to the method used to assign polarity, if the sample observed is limited in size.
In our samples ofEDC cross-linked acto-S 1 in the presence of ATP, slightly more heads are oriented in the pointed direction (the 0-90°quadrant of the graphs) than expected from the calculated bias introduced by our method to assign polarity. For example, for a sample of 40 filaments each with five randomly oriented heads, 65-72.5% of the heads will be scored as oriented toward the pointed end 95% of the time. For comparison, we observed 76% of heads oriented in the pointed direction in our sample of filaments with at least five heads per filament. heads, the 95% confidence limits are 58-67% scored as oriented toward the pointed end. We observed 71% oriented in the pointed direction in our sample of filaments with at least nine heads. Based on this comparison ofour observations with the results expected from a sample with randomly oriented heads, we conclude that the distribution of attachment angles for cross-linked acto-S is nearly random in the presence of ATP, but that there is an underlying tendency for the heads to be oriented toward the pointed end of the filaments. We estimate from the difference in the calculated and observed bias that -15% ofthe heads are actually oriented toward the pointed end, and the remaining heads are randomly attached.
DISCUSSION Previous biophysical studies of crossbridge motion
The myosin crossbridge has long been the focus ofefforts to understand how ATP hydrolysis produces force and motion during muscle contraction and other forms of cellular motility. Since isolated myosin heads have full ATPase activity (Lowey et al., 1969) and can move actin filaments in an in vitro assay , most investigators except that the crossbridge motion is generated by the myosin heads and actin, whereas the rest of the myosin molecule plays a supportive role.
Structural studies on the interaction of the myosin heads with actin filaments have been limited by three factors. First, the crossbridges in muscle (Huxley and Brown, 1967) as well as isolated S I and actin in solution traverse the ATPase cycle asynchronously, so that spectroscopic averaging techniques record a blurred signal from a large population of molecules (Thomas, 1987) . Second, crossbridges in active muscle bind to and dissociate from the actin filaments > 100 times per second, and the actual force-producing step may be even faster (reviewed in Hibbard and Trentham, 1986) , so that the key intermediates are present in low concentrations and are difficult to capture in time. The concept of rapid transitions between bound and free myosin is generally accepted for the weakly bound AMT and AMDP intermediates but also may apply to the force producing intermediates (Brenner, 1991; Lombardi et al., 1992) . Third, although important progress is being made on the structure of the myosin head by structural analysis of threedimensional crystals (Winkelman et al., 1985 (Winkelman et al., , 1991 and other methods (reviewed by Vibert and Cohen, 1988) , no structural information at atomic resolution was available at the time of this study. More than anything else, the forthcoming high resolution structure of the myosin head from x-ray crystallography will clarify our thinking about the mechanism of force transduction.
These limitations of structural studies of contracting muscle have been circumvented to some extent by using x-ray diffraction to follow changes during the recovery of tension after small, rapid shortening steps (Huxley et al., 1982; Irving et al., 1992 ). The step more or less synchronizes the action ofthe heads during the recovery of force, and there is a good correlation between the time courses of the change in tension and the change in intensity of the 14.5-nm meridional reflection. On the other hand, the observed change in intensity is open to many structural interpretations, so these studies have not resolved the questions about the mechanics of force production.
Most of the recent progress has been in defining the kinetics and thermodynamics of the chemical reactions Pollard Having identified the place in the ATPase cycle ( Fig.  1 ) where motion is produced, one must ask where is the motion in the actin-myosin complex? Conventional crossbridge models assume that the movement of myosin relative to actin is the direct consequence of a major structural rearrangement in the crossbridge during the transition from AMDP to AMD (Huxley and Kress, 1985) or by isomerization of the AMDP complex (Geeves, 1991) .
Several independent spectroscopic methods establish the existence ofconformational changes during the actomyosin ATPase cycle, but these structural changes have not been linked directly to something as simple as a tilting crossbridge. (a) ATP hydrolysis is accompanied by a change in intrinsic fluorescence of the myosin head (Chock et al., 1979) . (b) A slow first order quenching of the fluorescence of a pyrenyl probe on cysteine 374 of actin follows the second order binding of M or MD to actin filaments (Geeves, 1989; Taylor, 1991) . (c) A change with similar kinetic constants occurs in the fluorescence of mant-ATP bound to the active site on myosin (Woodward et al., 1991 ) and is thought to reflect the Pollard 
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Intermediates same conformational change. (d) Fluorescence resonance energy transfer revealed a large (3 nm) difference in the distance between fluorescent probes on actin and the essential myosin light chain for weakly and strongly bound actomyosin complexes (Bhandari et al., 1985; Trayer and Trayer, 1988) . The occurrence of parallel changes sensed by probes > 5 nm apart in the acto-S complex argues that the isomerization is a global, largescale change in the complex; however, none of this evidence reveals whether the conformational changes are large enough to produce the motion required by conventional crossbridge models. A comparison of the shape of S1 bound to actin filaments or free in solution by neutron scattering detected no difference (Curmi et al., 1988) . Other spectroscopic studies have sought changes in the orientation of the myosin heads relative to actin filaments during the ATPase cycle. Both fluorescence polarization (Yanagida, 1985) and conventional electron paramagnetic resonance (EPR) probe studies (reviewed Thomas, 1987; Cooke, 1990 ) have detected differences in the proportions of bound and free myosin heads in relaxed, contracting, and rigor muscle but have not revealed a significant population ofnovel myosin intermediates, such as the 900 intermediates that are postulated by standard crossbridge models to be bound to actin in active muscle fibers. On the other hand, saturation transfer EPR experiments have revealed a dramatic increase in rapid (microsecond) motions of an EPR probe on myosin heads weakly attached to actin filaments in ATP (Berger et al., 1989) . This change in mobility is strong evidence for a difference in the structure of these weakly bound intermediates compared with rigor. The rapid motion is in the myosin head and not the actin filament (Ostap and Thomas, 1991) , and its structural basis remains to be elucidated.
New observations by electron microscopy
The goal ofour study has been to identify any large-scale structural changes in the actin-myosin complex that might couple the actomyosin ATPase cycle to the production of force and motion. Given the large size of the myosin head, we felt that the most direct approach to detect the large-scale structural changes postulated by models for contraction would be to obtain electron micrographs ofthe weakly bound intermediates (AMT and AMDP) for comparison with the well-characterized rigor complex (AM). Such a comparison has the potential to reveal directly any large-scale molecular motion, since the weakly bound intermediates are generally considered to be the preforce-producing intermediates and the rigor complex is considered to be the final force-producing state.
The main result of the present work is that the unloaded, weakly bound myosin SI intermediates in the actin-myosin ATPase cycle are indistinguishable from tightly bound rigor complexes by electron microscopy. This conclusion is based largely on measured angles of attachment of individual SI molecules (Figs. 8 and 9) and is supported by the regular appearance of filaments saturated with nucleotide bearing intermediates (Fig.  6 D) .
Technical limitations of the present studies
We recognize that the validity of our observations depends on the fidelity with which our methods preserve the protein molecules for observation in the electron microscope. The experiments are reproducible, so we can rule out random artifacts. It is more difficult to prove that none of the steps in the preparation for electron microscopy have introduced consistent, reproducible artifacts. In the following paragraphs, we consider the most likely sources of artifacts. In spite of these potential pitfalls, we believe that the images presented here are reasonable likenesses of the native proteins.
For our approach to work, the samples must be frozen, etched, and replicated without distortion of the shape of the S1 molecules. The extensive damage always present deep in the frozen specimens, more than -1 ,um from the inner surface of the copper tube, is a constant reminder that the freezing process is hazardous. The facts that no ice crystals are visible in the areas studied and that the actin and the attached SI are similar in appearance to these molecules frozen at liquid helium temperatures (Heuser and Cooke, 1983) are reassuring. Once frozen, the proteins are likely to be stable during etching at -106°C, since the water bound to the protein will maintain it in frozen state during the sublimation of the surrounding solvent water (Gross, 1987) . Nevertheless, drying in a vacuum and replication with platinum can produce rather obvious artifacts in the proteins in parts of these specimens. We used a minimum of etching, hoping that filaments partially submerged in ice would be less subjected to damage, but even this precaution cannot rule out some subtle alteration in the shape ofthe S1. For example, we cannot rule out that some step in the preparation causes molecules with genuinely different shapes to decay into some common low energy structure. Such a transformation could account for the uniform shapes of both the rigor complexes and weakly bound intermediates. Fortunately, the available information on the kinetics of transitions in crossbridges induced by rapid temperature changes (Davis and Harrington, 1992) suggests that rapid freezing at the rates we used might shift the population ofheads into the state immediately before force production, but that other transitions would be too slow to occur during freezing. Therefore, this "artifact" would enrich for the very intermediates that we were seeking.
A second reservation about the work is the low resolution inherent in the replication method. Although metal replication has successfully reproduced molecular de-tails of a variety of proteins (Heuser, 1983) , subtle details in the S molecule may have been obscured during replication. Therefore, we are limited in detecting only the type of large conformational changes hypothesized in the conventional crossbridge models with translations of 5-10 nm for myosin relative to actin during each crossbridge cycle.
A third concern is the use of myosin S 1. At the outset of this work, there was no evidence that S1 separated from the rest of the myosin molecule could produce force and movement of actin filaments, but the in vitro experiments have proven that S1 is capable ofproducing both motion and force (Kishino and Yanagida, 1988) . Nevertheless, the protease digestion used to prepare S1 may have altered some of the properties of the myosin head. For example, chymotrypsin destroys one light chain (Weeds and Taylor, 1975) and may also truncate the heavy chain within the head (Rimm et al., 1989) . The absence of the COOHterminal part ofthe heavy chain and the light chain, both near the head-tail junction (Vibert and Craig, 1982) (Vibert and Cohen, 1988; Geeves, 1991) .
Previous studies of the intermediates in the actomyosin cycle by electron microscopy Owing to the low affinity of the AMT and AMDP intermediates for actin filaments, the pioneering efforts by Craig et al. (1985) and Applegate and Flicker (1987) to visualize these structures by electron microscopy used S I covalently bound to actin. Since the SI cross-linked to actin has ATPase activity equal to the Vma, of free SI in the presence ofinfinite actin (Mornet et al., 1981) , these investigators made the reasonable assumption that the cross-linked S I would be irreversibly associated with actin, not only by the covalent isopeptide bond formed during cross-linking but also by intermolecular bonds with actin. In the presence of ATP, the covalently crosslinked heads were disordered, compared with the regular tilted structure of rigor complexes (Craig et al., 1985; Applegate and Flicker, 1987) . The authors suggested that the weakly bound intermediates bind to actin at a range of angles. This interpretation fit with the expectations of some investigators who had equated weak binding with disordered structure, as ifrapidly reversible molecular interactions do not necessarily have a defined stereochemistry. (See Huxley and Kress, 1985 , for a discussion of this point.)
We have extended the earlier work on cross-linked acto-Sl by quantitative analysis of attachment angles and offer a different interpretation. In the presence of ATP, the cross-linked heads rapidly bind to and dissociate from the actin molecules, just like free Sl in solution. At any given time, 15% of the heads are oriented like rigor complexes, whereas the majority of the crosslinked heads are dissociated from but tethered to the actin by the covalent bonds. Craig et al. (1985) and Applegate and Flicker (1987) originally offered this tethering hypothesis but favored random angles of attachment to account for the disorder. ATP-induced microsecond motions of Sl cross-linked to actin observed by EPR spectroscopy (Svenson and Thomas, 1986 ) also can be explained by tethering of dissociated myosin heads. Katayama (1989) concluded from the first published electron micrographs ofthe weakly bound intermediates in the actomyosin cycle that their structure differs considerably from the rigor complex. As in our work, Katayama used rapid freezing, etching, and rotary shadowing to prepare the specimens for transmission electron microscopy but froze actin immobilized on mica rather than in solution. We used high concentrations of protein in a low ionic strength buffer to obtain reasonable numbers of weakly bound complexes. Katayama used low concentrations ofactin and S1 in 75 mM KCI, conditions where >90% ofthe S I is dissociated from actin in the presence of ATP. The appearance of the weakly bound heads associated with the actin filaments in Katayama's electron micrographs is clearly different from the appearance of his rigor complexes. Katayama's interpretation was that rigor heads are elongated structures attached at 450 to the filament axis, whereas weakly bound intermediates are short and rounded in shape. Careful inspection ofthe micrographs in Katayama's article reveals that virtually all of the heads associated with actin filaments in ATP are located between the filament and the underlying mica. Only rare heads are bound to the upper or lateral surfaces of the actin filaments. Since only those heads bound laterally appear elongated in projection, it is not surprising that few of the heads in samples with ATP look like the extended heads seen in rigor by all investigators. We cannot know the shape of the heads under the filaments for comparison with our observations, since they are obscured from view, but their reduced dimensions can be accounted for entirely by being partially hidden. Menetret et al. (1991) obtained electron micrographs of frozen-hydrated specimens at intervals during the dissociation of SI from actin filaments by adenylyl imidodiphosphate (AMP-PNP). The S I dissociated over -200 ms. At early times in the reaction, 30 ms after the release of AMP-PNP, the nearly fully decorated filaments transiently became wavy before straightening out as the dissociation of the SI was completed. There was not an accompanying change in the appearance ofthe SI bound to the actin filaments or of the optical diffraction pattern of the partially dissociated filaments. Release of ATP dissociated the SI too fast to capture the intermediates by their rapid freezing method. We have not observed wavy actin filaments in samples of SI and ATP (Fig. 6 ). Trinick and White ( 1991 ) Fig. 2 can be scored with respect to the angle ofattachment. Some are attached perpendicular to the filament axis as emphasized by the authors, but there are also filaments with 5 of 6, 8 of 10, 9 of 12, 3 of 5, and 4 of 4 clearly resolved heads pointed in one direction. Therefore, in our view, these results are consistent with our own observations on the polarity of weakly bound intermediates.
Electron micrographs by Tsukita and Yano ( 1985 ) of contracting muscle prepared by rapid freezing provide our best view of active crossbridges in situ. In thin sections of freeze-substituted muscle fibers, most of the myosin heads were associated with the actin filaments in both rigor and isometric contraction. The pattern of these heads decorating the actin formed polarized arrowhead shaped complexes in both cases. Individual molecules were not resolved. Our observations on purified actin and S1 are consistent with those of Tsukita and Yano ( 1985 ) on rapidly frozen contracting muscle and provide additional details regarding the individual molecules. A similar study has been reported in abstract form by Hirose et al. ( 1991 ) . They observed crossbridges in a variety of conformations in contracting muscle, a result different from Tsukita and Yano.
Interpretation
Our observation that weakly bound intermediates and rigor complexes are indistinguishable at the level ofresolution preserved in freeze-fracture replicas agrees well with the growing spectroscopic evidence that subtle rather than large-scale structural changes accompany the production of motion by actomyosin crossbridges. This conclusion is also, in our view, consistent with the earlier electron microscopic studies, although previous authors have stressed different interpretations. It is less clear how our results should be reconciled with the microsecond motion observed in the weakly bound intermediates (Berger et al., 1989) .
The simplest interpretation of our observations is that the myosin heads do not tilt on the surface of the actin during the ATPase cycle. If correct, this rules out the popular tilting crossbridge model found in most textbooks. On the other hand, we are not certain about the polarity of the weakly bound intermediates relative to the actin filament. Thus, it is possible that the weakly bound heads are uniformly oriented toward the barbed end rather than the pointed end, i.e., they are backward from rigor. This would provide a 900 tilt during the transition from AMDP to AMD consistent with conventional crossbridge models. Our efforts to establish absolute polarity ofthese intermediates were inconclusive, so we believe that it is safer to assume that both rigor and intermediate complexes have the same polarity. One could also argue that AMT (largely observed here) and AMDP have different structures and that if one could observe a pure population ofAMDP, then one might see an attachment angle closer to 900. This can be explored in the future with experiments at higher temperatures where the initial burst is larger.
Taking the uniformity of S I attachment angles at face value, one must look elsewhere for the molecular motion produced by actin and myosin. One idea is that the myosin heads slide along the actin filament interacting with multiple actin subunits during one cycle ofATP hydrolysis (Harada et al., 1990; Vale and Oosawa, 1990) . In these models ATP hydrolysis is used to bias the thermal motion of the heads without the complex of myosin and actin necessarily undergoing large-scale changes in structure. This mechanism has no preconceptions about the shape of the myosin-actin complex at any point in the cycle. Our data are consistent with such a model.
Another idea is that individual myosin heads can produce force more than once per ATPase cycle by interacting with multiple actins (Brenner, 1991; Lombardi et al., 1992) . Each of these events might involve relatively small displacements and thus require a small structural change in myosin consistent with our observations and the probe studies. On the other hand, Irving et al. ( 1992) have modeled the changes in the x-ray patterns during recovery from step shortening with a standard 90-45°t ilt ofthe whole crossbridge relative to the actin filament. Alternate interpretations are, of course, possible given the limited data.
We favor an alternate mechanism with the large domain of the head more or less fixed to actin and the motion produced by a large structural change in or between the smaller domains near the head-tail junction as suggested by Huxley and Kress (1985) , Tokunaga et al. (1987), and Winkelmann et al. (1991) . These distal domains containing the light chains are an attractive site for such a bend. First, they are lateral to the relatively immobile ATP binding site observed by fluorescence and EPR spectroscopy. Second, this region near the head-tail junction may be more mobile than the rest of the head, since it has been difficult to image in this and other (Milligan and Flicker, 1987; Tokunaga et al., 1987) electron microscopic studies ofthe S l-actin complex. Poor preservation ofthis part ofthe head compared with the bulky part attached to the actin could easily explain our inability to observe a change in molecular shape. Cooke (1990) reports preliminary evidence for very rapid mobility of light chains in this part of the heads in active muscle. Third, a change in the spacing between actin and a fluorescent probe on the light chain is the only evidence available for large-scale structural changes in the head during the ATPase cycle (Bhandari et al., 1985; Trayer and Trayer, 1988) . Such a motion near the head-tail junction may be difficult to detect in replicas, since the head actually wraps around the actin filament (Moore et al., 1970; Taylor and Amos, 1981; Vibert and Craig, 1982; Toyoshima and Wakabayashi, 1985; Milligan and Flicker, 1987; Tokunaga et al., 1987; Milligan et al., 1990 ) rather than projecting radially. Consequently, the more massive proximal part of the head dominates the appearance ofthe head when viewed in projection after metal coating. Fourth, a comparison of the structure of two types of crossbridges in rigor insect muscle provides further evidence that the distal part of the head is more flexible than the bulky domain associated with the actin filament (Taylor et al., 1989) .
